The application of resin composites in dentistry has become increasingly widespread due to the increased aesthetic demands of patients, improvements in the formulation of resin composites, and the ability of these materials to bond to tooth structures, together with concerns about dental amalgam fillings. As resistance to wear is an important factor in determining the clinical success of resin composite restoratives, this review article defines what constitutes wear and describes the major underlying phenomena involved in this process. Insights are further included on both in vivo and in vitro tests used to determine the wear resistance of resin composite and the relationships between these tests. The discussion focuses on factors that contribute to the wear of resin composite. Finally, future perspectives are included on both clinical and laboratory tests and on the development of resin composite restorations.
Introduction
The use of resin composites restorations in posterior teeth is increasing worldwide due to improvements in their mechanical properties [1] . An extensive database maintained by the Washington Dental Service in the U.S. reveals that the use of resin composite restorations in posterior teeth only surpassed that of amalgams in 1999 [2] . Among the reason for the switch from amalgam to resin composites might be the desire for restorations that match the color of the tooth and the increasing familiarity and comfort of clinicians with the use of resin composites [3] . In addition, early clinical studies of resin composite restorations in posterior teeth by Wilson et al. [4] [5] [6] [7] in the late 1980s and by Stangel et al. [8, 9] in 1990 reported a probability of success similar to that of amalgam, which might have encouraged the use of these restorations.
The increased use of resin composite restorations in posterior teeth has driven ongoing efforts to improve their clinical performance [10] . Alvanforoush et al. [11] stated that although the overall rates of clinical failure of resin composite restorations in posterior teeth showed little difference between 1995-2005 and 2006-2016, the causes of the failure showed a notable change, with wear becoming more important due to the increasing numbers of resin composite restorations in posterior teeth. Other systematic reviews have shown that the wear of resin composites is one of the reasons for fractures found in restorations in posterior teeth [12, 13] . Resin composite restorations in posterior teeth are subjected to a wide range of mechanical forces and chemical effects, such as food chewing and unconscious bruxism [14] [15] [16] . If the forces applied to the resin composite restorations exceed the mechanical strength of the material wear may occur which is particularly likely to happen in patients who apply greater than average forces during mastication [17] . These occlusal forces may also cause roughening of the surfaces, leading them to lose their shape [18] . Thus, the wear resistance of a resin composite is central to the long-term stability of restorations.
In 1998, Söderholm and Richards [19] published ''Wear resistance of composites: a solved problem?'' and concluded as follows: ''Based on some clinical data, we can conclude that under some conditions, occlusal wear of posterior resin composites restoration remains a clinical problem, although not as bad as it was 10 years ago''. In 2006, Ferracane [20] re-evaluated the same topic and asked ''Is the wear of dental composites still a clinical concern? Is there still a need for in vitro wear simulating devices?'' He concluded that ''While the wear resistance of dental composite restoratives is no longer considered to be a major concern for most restorations, the relatively limited information available suggests that it may still be a concern for very large restorations in direct occlusal contact, or for those patients with bruxing and clenching behavior.' ' A PubMed literature search in English for ''resin composites'' in August 2017 shows that almost 10,000 articles have been published on this topic in the past 10 years (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) . In this period, the number of articles published on ''resin composite and wear'' was 447 and ''resin composite and abrasion'' was 365. If the wear of resin composite is no longer of a concern, one must question why so many researchers continue to devote so much time to studying it. Therefore, it is perhaps useful to raise the question again: ''Is the wear of resin composite restorations still a clinical concern?'' Based on the amount of resin composite sold, it is estimated that around 800 million resin composite restorations were placed worldwide in 2015 alone; with about 80% placed in the posterior region and 20% in the anterior region [21] . A meta-analysis of resin composite restorations in posterior teeth has shown that at least 5% of them failed due to fracture of the material and about 12% showed noticeable wear over an observation period of 10 years [22] . In other words, almost 77 million resin composite restorations in posterior teeth are likely to show noticeable wear, and about 32 million resin composite restorations placed in posterior teeth in 2015 will need to be repaired or replaced due to fracturing by 2025. This underlines the importance of the wear resistance of resin composite, and the need to understand the factors that influence it. Such understanding can only come from clinical and laboratory measurements and evaluations of wear, and so it is also important to understand the techniques available to do so.
The aim of this report is to review current insights into underlying wear mechanisms, evaluation methods, and the interacting factors that determine the occurrence and magnitude of wear in resin composites.
Mechanisms of wear
McCabe et al. [23] reports that the Institution of Mechanical Engineers has defined wear as ''the progressive loss of substance resulting from mechanical interaction between two contacting surfaces, which are in relative motion''. Wear depends on three broad elements of a system: (1) its structure [24, 25] , (2) the interaction conditions [26, 27] , and (3) the environment and surface conditions [28] [29] [30] . The structure covers the types of materials and the geometry of their interaction, while the interaction conditions are the forces, stresses, and duration of the interaction. The environment and surface conditions are broad, covering the ambient temperature, surface chemistry, topography and environment. Engineers classify wear by its mechanism; (1) adhesive, (2) abrasive, (3) fatigue and (4) corrosive wear ( Fig. 1) [31] . However, in dentistry, wear is typically classified in terms of its clinical manifestations. These include (1) attrition, or wear at contact sites, (2) abrasion, or wear at non-contact sites and (3) corrosion, or wear attributed to chemical effects (Fig. 2) [32] . Attrition and abrasion can arise from any of the four main wear mechanisms, although the meaning of ''corrosion'' is similar in both engineering and dentistry. In order to understand the problem of wear, it is necessary to first look at the underlying mechanisms.
Adhesive wear
When two surfaces are pressed together by a load, local welding can occur at the contact points [33] . These welds are subject to shear forces as the surfaces slide relative to one another and are subject to breakage. When this breakage does not follow the weld interface, some material is transferred from one surface to the other. This transferred material often remains attached, and may even transfer back to the original surface. It is also common for this material to agglomerate and break away as a single entity; the particles thus created can contribute to abrasive wear. Some work has even shown these particles, such as sufficiently small filler particles, may accumulate in tissue [34] .
In the oral cavity, as saliva has a lubricating role [35] , it is likely that adhesive wear is limited, because the function of lubrication is to reduce and mitigate friction. This type of wear has not been shown to contribute significantly to the wear of resin composites, but it may appear at locations where an opposing cusp or contact point is forced against a resin composite surface [19] .
Abrasive wear
In abrasive wear, material is scraped off a surface either by hard protuberances on the other surface or by hard particles at the interface [36] . The former situation is called two-body abrasion, while the latter is three-body abrasion.
Abrasion is thought to be an important wear mechanism in the oral environment, with the details depending on the location of the restoration. Abrasion from tooth brushing can affect any exposed surfaces, while occlusal wear is limited to contact surfaces [37] . Points of occlusal contact experience two-body abrasion, while other areas experience three-body abrasion from particles present between the teeth during mastication [38] . Most such particles are soft, and not all of them cause wear due to their angle of contact, so occlusal contact areas see much more abrasive wear than non-contact areas. Effects from differences in particles, namely food, on wear are particularly well-studied in the field of dental ecology [39] .
The abrasive wear of resin composites is influenced by many factors [40] . First, the shape, size, orientation, and distribution of filler are important, as is the amount of filler [41] . Second, the type of resin matrix and the initiators for polymerization of resin composite influence the hardness of the resin composite surface. Third, bonding between fillers and resin matrix influences the likelihood of plucking of filler particles. All of these factors interact with the details of the loading, making the system extremely complex. Empirical studies have shown that abrasive wear is reduced when the size of or spacing between filler particles is reduced [42] , when the degree of conversion of the resin matrix is increased [43] , and when bonding between the filler and the resin matrix is improved [24] .
The type of abrasive surface and abrasive particle also play an important role. If the resin composite is harder than the abrasive, wear is greatly reduced, and as the abrasive becomes harder, abrasive wear increases [44] . In addition, components of the resin composite that are harder than the abrasive can serve as barriers to abrasion, greatly reducing wear [45] . Shape is important in two-body abrasion [46] , with angular protuberances producing more wear than rounded ones, even if the rounded ones are harder. This factor is less important in three-body abrasion, as the loose particles reorient themselves during contact which reduces antagonistic interactions [47] .
Fatigue wear
Fatigue wear is caused by the repeated stressing and unstressing of a material, which can, over time, lead to the formation of microcracks at or below the surface [48] . As these cracks expand, they may join, leading to the detachment of a particle from the surface. An extreme example of this in tooth tissue is abfraction. This particle may go on to contribute to three-body abrasive wear. In the mouth, surface contact fatigue wear is thought to occur during mastication, where opposing teeth repeatedly come into contact [49] . Söderholm and Richards [19] have reported that the sliding of one surface over another can create a compression zone ahead of the motion and a zone of tension behind the motion. This pattern causes cycles of stress that may lead to fatigue wear. Although there has been little direct investigation of this type of wear in dental restorations, mastication seems well-suited to apply the necessary forces, and it is assumed that this process is an important wear mechanism in the oral environment.
Corrosive wear
Corrosion is due to a chemical reaction between the surface and the environment [36] . In many cases, this reaction is initially rapid, but then forms a cohesive layer of the reaction product, which protects the underlying surface. However, this film may be removed by sliding contact with another surface, exposing the unreacted material and allowing corrosion to continue. This is particularly likely if the corrosion layer is softer than the main material or not tightly bound to it.
Restorations in the oral cavity are exposed to potentially corrosive chemicals in food, drink, the secretions of microbes, and saliva [29, 30] . Plaque acids, food constituents, and enzymes have been shown to soften and roughen resin composites, both factors that are likely to increase vulnerability to abrasive wear [15] . On the other hand, saliva can have a buffering effect, reducing the acidity from foods and bacterial activity [15] .
Evaluation of wear
The development of new resin composites requires highly accurate investigations of the novel materials with respect to both their wear behavior and their effect on the opposing dentition. It is important to ensure that the resin composites have a similar or, failing that, lesser wear resistance than teeth so as to preserve existing dentition. Hence, the resistance to wear of resin composites has been investigated through both clinical and laboratory methods.
Clinical wear evaluation methods
The methods used for clinical evaluation of wear can be divided into direct methods, which involve observation of the teeth themselves, and indirect methods, which work from casts [33] .
Direct evaluations of resin composite restorations rely on a system of clinical parameters developed by Gunnar Ryge in the 1970s while working in the United States Public Health Service (USPHS) in San Francisco, California, United States [50, 51] . These are known as the USPHS criteria or Ryge Criteria. They involve the observation of restored teeth by a trained assessor and thus can be conducted quickly and accurately. However, the scales lack sensitivity, having only four categories for each aspect, and there are concerns about examiner calibration and comparison of results between studies. As researchers recognized the shortcomings of this scoring system, they modified the criteria according to their needs, which led to many different modified USPHS criteria [53, 54] . In 2007, further developed the USPHS criteria by systematically structuring them based on evidence and objective and subjective guidelines acknowledging, however, that wear can best be quantified by sophisticated equipment.
Indirect methods require impressions to be taken of the restored teeth. It is important that the teeth are cleaned extremely well before the impression is taken with polyvinylsiloxane material. Researchers recommend discarding the first set of impressions, as the impression material removes debris and plaque, making the second impression more accurate [56, 57] . On the other hand, a comparative analysis of the accuracy of clinical wear measurement using replica models revealed no difference between individually fitted and conventional trays [58] .
The casts can then be evaluated in a variety of ways. Subjective methods include the Leinfelder scale [59, 60] , which has six standards, and the Moffa-Lugassy scale [61, 62] , which has 18 standards, and is based on dies with cylindrical defects. The Moffa-Lugassy scale was further developed into the Vivadent scale by Rheinberger, which uses toothsized dies with restoration-like defects [63] .
A variety of systems can also be used to measure casts and tooth surfaces in order to offer a quantitative assessment of wear (topography, roughness, material loss, fractal dimension, etc.). These fall broadly into mechanical and optical systems. Mechanical systems (such as stylus profilometry and atomic force microscopy) rely on physical contact with the surface where the contours are mapped. Optical systems (such as laser scanning microscopy and white-light optical profilometry) depend on interactions of light with the surface being captured.
Optical systems appear to be superior in general, reaching accuracies of up to 10 m [58] . The best systems appear to be digital, as Perry et al. [64] reported that three systems achieve a high level of accuracy: a system developed by Clinical Research Associates [65] , the Minnesota Dental Research Center for Biomaterials and Biomechanics System (Minnesota System) [66, 67] , and a three-dimensional microcomputer controlled mapping system [68] . The greatest advantage of these methods is that they provide a precise and quantitative measure of the extent, location, and morphology of wear, while the subjective systems merely rank wear on a scale. In addition, there are fewer concerns about the consistency of the systems over multiple measurements and experiments. However, they are not without issues.
The main problem is that they are expensive and timeconsuming, and may be impractical in large-scale clinical investigations [69] . In addition, inexact casts may lead to high standard deviations, and there are problems with repositioning the samples for multiple measurements, such as before and after wear. An important consideration in the selection of an imaging technique is the lateral distance needed to transverse the entire specimen and the vertical distance needed to accommodate imaging. For example, imaging an entire restored tooth would be impractical with atomic force microscopy. Finally, the resolution of the imaging technique should be assessed. For example, white-light optical profilometry can have a lateral resolution of around 1-5 m as opposed to 5-10 nm for atomic force microscopy. While wear imaging techniques typically do not achieve lateral resolutions on the nanometer scale, the nanometer scale can affect the surface relationship with bacteria, which may affect mechanical properties [30] . Therefore, techniques could be combined for more robust results for wear: full sample imaging and separate, more detailed surface analysis. When attempting to use a clinical evaluation of wear to validate a laboratory test, DeLong et al. [70] describe three additional criteria that must be met. First, the clinical study must be of high quality and at least three years' duration, in order to enable the assessment of fatigue wear. Second, the results from the clinical study must be reported in a format consistent with that used in the simulation. Third, the material used in the clinical study must be available for a simulation test of the same material. While there are clearly many issues facing clinical evaluation of wear, such studies are important if faster and lower cost laboratory wear testing methods are to be validated.
Laboratory wear evaluation methods
Laboratory wear testing is useful for the rapid assessment of the wear of resin composites, in contrast with clinical studies that may take years to generate results [71] . However, laboratory wear testing is one of the most challenging subjects in dental materials research. Since wear is a very complex process, as described earlier, its analysis is very difficult. Consequently researchers have focused on developing laboratory wear tests in an effort to assess the wear resistance of resin composites [72] .
Assessments of the wear resistance of resin composites have been reported frequently in the dental literature since the first in vitro studies were published in 1975 [73] . A variety of laboratory wear testing devices have been developed in an effort to replicate the clinical masticatory process, making the interpretation of performance data more complex. Some laboratory wear tests attempt to re-create and simulate the oral environment as closely as possible, using machines that incorporate most or all of the known mechanisms of wear. Other tests are designed to study one mechanism of wear in isolation. Although there is no internationally recognized standard testing protocol to determine the wear resistance of resin composites, the International Organization for Standardization (ISO) published ''Dental materials -Guidance on testing of wear -'' in 2001. This report outlined a technical specification providing guidance on eight different methods for evaluating the wear resistance of dental materials in two-and three-body wear machines. These test methods vary with regard to load, the number of cycles and their frequency, abrasive medium, type of force actuator, and sliding versus direct antagonist contact (Table 1) . Heintze et al. [75] stated that as the different wear simulator settings measure different wear mechanisms, it seems reasonable to combine at least two different wear settings to assess the wear resistance of a restorative material.
Correlation of laboratory and clinical wear
Ideally, the laboratory wear rates of resin composites should reflect the wear that is clinically measured with the same materials [76] . Research related to three of the methods included in the 2001 ISO publication has tried to establish clinical correlations. A correlation between the Minnesota wear simulation method and clinical wear measurements of resin composites was established, claiming that 300,000 cycles in the wear simulator correspond to about 1 year in vivo [70] . For the Zurich method, a different publication reports that 1,200,000 cycles in the simulator correspond to 5 years in clinic [76] . Barkmeier et al. [67] reported a correlation between the Alabama localized wear simulator and clinical wear measurements, claiming that 100,000 cycles in the simulator correspond to about 3.6 months in clinic for a resin composite. In addition, they also reported that Alabama generalized wear simulation had a good relationship to clinical wear of resin composites [77] .
However, a more recent publication of Heintze et al. [76] in 2011 on the correlation of clinical and laboratory wear methods reported that the Oregon Health & Science University (OHSU) abrasion method showed adequate correlation with the clinical wear, but that other methods [Academisch Centrum Tandheelkunde Amsterdam (ACTA), Alabama generalized, Alabama localized, Munich, Ivoclar, and OHSU attrition] were only poorly correlated with the clinical wear. Similarly, in a workshop report on wear, it was stated that laboratory simulation methods are useful for studying fundamental wear characteristics, but they are not able to predict clinical wear [31] . It should, however, be the goal of any laboratory method to determine the relative wear characteristics of restorative materials and provide a predictive assessment of their clinical wear properties prior to use of a material in the oral cavity. Ferracane [69] has identified wear resistance as a property that should be used as a screening tool when selecting a resin composite to replace occlusal surfaces.
Therefore, the wear resistance of resin composites should be evaluated in the laboratory by reliable wear testing methods before they are tested in clinical trials. An effective laboratory wear simulation that reproduced the oral biomechanics would be of widespread value in shortening the time span before the chairside delivery of new dental materials, provided it correlates well with observed clinical outcomes. The need to develop and validate such a method remains pressing.
Current insight into the wear of various types of resin composite
Current resin composites cover a wide and complex variety of materials with an increasing range of properties, offering clinicians many choices for the restoration of anterior or posterior teeth [78] . Many studies of the laboratory wear of resin composites, using many different types of wear testing, have been done over the years, demonstrating that, as might be expected, the laboratory wear resistance of resin composites is influenced by the type of resin composite [33] .
Wear of conventional (high viscosity) resin composites
Variations in resin composites arise from differences in manufacturing processes and the ingredients used. Resin composites often include different monomeric resin matrices, silane coupling agents, and filler technologies (filler volume fraction, particle size distribution, and filler density). Many types of monomer, silane coupling agents, and filler technologies have been developed in order to improve the mechanical properties and wear of resin composites [1, 78] .
Earlier studies reported that the filler volume fraction played a particularly important role in the wear resistance of conventional resin composites and a higher filler volume fraction was reported to reduce the level of wear. However it should be noted that these studies were performed on older conventional resin composites, which had lower filler volume fractions than current products. In the older resin composites, a marked increase in filler volume fraction would be expected to make a substantial difference to the laboratory wear resistance. Osiewicz et al. [79] concluded that the results of various tests, when taken together, underwrite the use of conventional resin composites with a filler load in excess of 60 vol.%. Finlay et al. [80] performed tests of the laboratory wear resistance of experimental conventional resin composites provided by a dental manufacturer. In these resin composites, the filler volume fraction, diameter, density, and resin monomeric blend were systematically varied to allow the influences of the various factors to be compared. They found that wear of resin composites was primarily influenced by the properties of the filler, although wear was described as a 'complex process' and not all resin formulations were reported to behave similarly. The complexity of wear is further underlined by other results [81, 82] , in which newly developed conventional resin composites showed variations in wear that could not be explained purely in terms of filler properties, and showed no clear connection to filler volume fraction. This shift may be due to changes in the filler size and volume fraction, as newer resin composites generally have smaller particles occupying a higher volume fraction.
Wear of nanofilled (high viscosity) resin composites
Considerable improvements have been made in resin composites over the last three decades with the modification of resin matrix formulations and filler characteristics [1] . More recently, improvements in resin composite technology have led to the introduction of nanofilled resin composites for clinical use [83] . Such resin composites have been reported to exhibit good mechanical properties [84] , improved surface characteristics [85] , better gloss retention [86] , and reduced polymerization shrinkage [87] . However, nanofilled resin composites, incorporating a greater amount of nanofiller particles with a more homogeneous distribution in the resin matrix, have a larger interface area between the fillers and resin matrix than conventional resin composites [88] . In clinical situations, the rigid fillers transmit occlusal stress into the more flexible resin matrix during both functional and parafunctional activities [89] . This may lead to stress concentrations at the filler-resin matrix interface, which can result in filler dislodgment and exposure of the resin matrix, leading to wear [90] .
Controlled clinical studies [91, 92] on posterior restorations using either nanofillled or conventional resin composites revealed no significant differences in clinical performance. In addition, laboratory studies [89, 90] have reported that some nanofilled resin composites show superior resistance to wear. Nevertheless, Tsujimoto et al. [93] suggested that it is important for clinicians to bear in the mind the risk of wear, even with nanofilled resin composites, and to routinely check restorations to determine whether repair is necessary, especially in restorations in posterior teeth.
In recent years, material development in nanofilled resin composite, such as silorane-based [94] , fiber-reinforced [95] [96] [97] , and bulk-fill resin composites [98, 99] , have led to some changes in the perception of these materials. There is a limited amount of independent research on wear in silorane-based, fiber-reinforced, and bulk-fill resin composites, creating a need for evaluations of their wear properties.
Wear of flowable (low viscosity) resin composites
Recently, researchers have shown that the physical properties of flowable resin composites can be improved through the development of resin matrix technologies, increasing filler content, and modifying filler size [100] . Such improvements have expanded the clinical application of flowable resin composites to posterior restorations [101] . A recent clinical study [102] reported that the flowable and conventional composites used in that study had similar clinical efficacy after two years of service when placed as Class I occlusal restorations having isthmus widths less than one-half the intercuspal distance. Other studies [103, 104] have examined the wear of flowable resin composites for posterior teeth using various types of wear machines. Sumino et al. [103] compared flowable resin composites for posterior teeth, measuring the localized wear using an Alabama wear testing machine and the flexural properties by following ISO specifications. They concluded that the wear of the tested flowable resin composites was equivalent to that of nanofilled resin composites. In addition, a study conducted by Shinkai et al. [104] did not fully reject the hypothesis that the flowable resin composites would demonstrate differences in wear compared with the nanofilled resin composite. Some flowable resin composites for posterior teeth showed equivalent wear to the nanofilled resin composite. However, Shinkai et al. [104] also reported that the size of the filler might be a more significant factor for the wear of flowable resin composite than the physical properties of the resin matrix, in contrast to conventional resin composites, and that the inclusion of highly dense nanoparticle or spherical submicron filler might improve the wear of flowable resin composites.
Wear of indirect resin composites
Direct resin composite restorations typically require a single appointment and therefore appear to have considerable immediate patient advantages over indirect resin composite restorations. In addition, recent systematic reviews [105, 106] have shown that there is no difference in the longevity of direct and indirect resin composite restorations in posterior teeth. However, the volumetric shrinkage of resin composite is about 2-4% [1] , which for indirectly placed resin composite restorations can be partially accommodated by the luting cement. In addition, the stress generated by polymerization shrinkage of direct resin composite restorations is reported to be 13 times that of those placed using an indirect equivalents [107] . Further, indirect resin composite restorations are now prepared using systems that control light, temperature, humidity, pressure, and time, enabling better polymerization and a well-cured restoration [108] , minimizing shrinkage stress [109] and improving mechanical properties [110] . Thus, indirect resin composites are widely used, particularly for large restorations in posterior teeth.
Research conducted on indirect resin composites has resulted in many encouraging findings, but the literature is divided. Ferracane et al. [111] reported that post-cure heat treatment at 120
• C for indirect resin composites could significantly improve their mechanical properties. It was suggested that this improvement results from an increased conversion rate of the monomers, which contributes to toughening the resin matrix and possibly improving fillermatrix adhesion, and from the relief of internal stresses through the high temperature treatment. In contrast, other studies [112] have found that indirect resin composites are not vastly superior to direct resin composites. Mandikos et al. [112] compared the wear of four second generation indirect resin composites to one first generation indirect resin composite and one direct resin composite, and concluded that the second generation indirect composites did not exhibit improved wear when compared to the first generation indirect composite, but were as good as direct resin composites. Asmussen et al. [113] investigated the effect of post-curing temperature on selected mechanical properties of indirect resin composites, and concluded that the improvements in physical properties were only moderate, about 9%. Ferracane et al. [114] studied the mechanical properties of four experimental and one commercial resin composite aged in water after heat treatment. The results showed that the improvements in the properties of indirect resin composites produced by heat-treating are of only short-term benefit, and are for the most part lost due to alteration of the resin matrix as the composite reaches equilibrium with water. Leinfelder [115] has reported that resin composites restorations that were exposed to both heat treatment and photo-curing showed very little enhancement of overall clinical performance compared to those that were photo-cured only. Although some situations specifically indicate indirect resin composite restorations, the advantages of using direct resin composite restorations, such as reduced cost and number of clinical sessions, make them an attractive alternative for many clinicians and patients. Nevertheless, it is still important to carefully consider the longevity of indirect resin composite restorations when making treatment decisions. In addition, the stability of indirect resin composite restorations is thought to be increased by using a resin luting cement with high wear resistance [116, 117] . Recently, Takamizawa et al. [118] and Tsujimoto et al. [119, 120] developed laboratory wear testing of resin luting cements using a new gap model, where wear at the marginal closure area is simulated. This kind of wear simulation of resin luting cements should be helpful in ensuring the success of indirect resin composite restorations.
Currently, implant placement with immediate provisionalization is the state of the art in implant dentistry [121] . Although the provisional restoration is usually in place for three months, this period may be prolonged if an extended evaluation period is required [122] . Thus, clinicians are becoming increasingly concerned with the wear of provisional materials [123] . A previous study related to the occlusal wear of provisional implant supported restorations concluded that indirect resin composite was the preferred chairside provisional restorative material when the provisional implant-supported restoration had to be in service for a relatively long period of time [124] . However, as Mandikos et al. [112] noted, limited independent research has been published on indirect materials and the properties specified in advertising literature are largely derived from in-house or contracted testing. Therefore, more research on the wear of indirect resin composites for implant supported provisional restorations would be valuable.
Wear of CAD/CAM resin composites
Computer-aided design and computer-aided manufacturing (CAD/CAM) systems have come to play a large role in the field of dentistry over the last two decades [125, 126] . CAD/CAM resin composites that include nanoparticle fillers are currently available for clinical use [127] . CAD/CAM resin composites are fabricated by high pressure and high temperature polymerization, resulting in improved physical properties that might make them more suitable as materials for applications ranging from inlays to single crown restorations [128] . In addition, restorations produced from CAD/CAM resin composites can be more easily fabricated and repaired than restorations made from CAD/CAM ceramics [129] .
Lawson et al. [130] reported on the laboratory wear of CAD/CAM resin composite. They stated that wear for CAD/CAM resin composites was small, and that infiltrated ceramic and glass ceramics showed greater volume loss than CAD/CAM resin composites. In addition, the resin composites resulted in less opposing enamel wear than infiltrated ceramic or glass ceramics. These results were confirmed by Lauvahutanon et al. [131] . They also reported that the CAD/CAM resin composites investigated displayed low wear compared to that seen in resin composites for direct restorations when using the same wear test. These results suggest that the wear of CAD/CAM resin composites may be lower than that of other types of resin composites. However, Tsujimoto et al. [132] have reported that the laboratory wear of CAD/CAM resin composites differed depending on the material and that care should be taken when selecting one for clinical use. There is, again, a limited amount of independent research on CAD/CAM resin composites, creating a need for additional evaluations of their wear properties.
Future perspectives
The prediction of wear for new resin composites based on laboratory testing methods, the refinement of methods for quantifying wear, and the assessment of resin composite restorations from clinical wear studies remain important for future research. There are many questions to consider when performing laboratory wear evaluations, and to date, little has been accomplished in terms of standardizing test methods or data reporting. It is true that wear testing methods provide an indication of the ranking of novel resin composite formulations relative to commercially successful formulations. However, the different wear testing methods used to assess the wear rate of resin composites are based on different concepts, and the results can therefore not be easily compared with each other. Further, most of the laboratory methods used to test the wear of resin composites are not standardized, which makes comparisons among researchers difficult. The low reproducibility and high variability of test results, as well as the low correlation with clinical results, are likely to be the consequences of this lack of standardization and validation.
Mimicking the entire masticatory cycle, with all possible movements of the lower jaw, might be argued to be the best way to test a resin composite, but it is also important that devices be simple, robust, efficient, and only require a low level of simple maintenance. On the other hand, a machine that applies a force in only one direction is inadequate. An effective device would need some level of computer control and multi-directional force actuators in order to approach intraoral conditions, as well as allowing for water exchange in the test chamber. An effective in vitro wear simulation that reproduces oral biomechanics would be of widespread value in shortening the time span to the chairside delivery of resin composites, provided the results correlated with observed clinical outcomes.
There is also a need for more wear-resistant resin composites, so that resin composites can maintain their anatomical shape over longer time periods. Possible directions for future research include better and stronger monomers, better polymerization kinetics and higher conversion rates, intelligent filler technologies with optimal filler distribution and dimensions, as well as stable bonding between filler and matrix, and ''self-repairing'' resin composites containing microspheres that liberate a polymer that repairs cracks in the material.
Conclusion
The management of wear may become more feasible with a greater understanding of the underlying processes of resin composite wear. Further, insight into and criticism of the various methods used to verify the wear resistance of resin composites may be helpful for future in vitro and in vivo studies.
